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ABSTRACT 
A polariscope for the study of the propagation of s t r e s s  
waves i n  birefringent sheets i s  described. Very sensit ive,  
fast-responding photomultiplier tubess a laser  l i g h t  sources 
and a multiple channel oscilloscope were used for  the simul- 
taneous recording of  the s t ress-opt ic  d a t a  a t  several points 
of the target  fo l lowing  impact. 
s t resses  and the computation of displacement, strain, and 
s t ress  i s  given. 
A method of separation of 
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Introduction. 
useful tool f o r  the study of s t r e s s  wave propagation. Various experi- 
mental methods have been developed t o  record the photoelastic fringes 
result ing from impact or explosions. The use of the drum camera was 
introduced i n  1936, followed by the microflash i n  1946, the multiple 
spark camera i n  1955, and the Q-spoiled ruby laser  as a l i gh t  source 
i n  1966. 
been employed by many investigators. 
Dynamic photoelasticity has been found t o  be an extremely 
High  speed framing cameras and image converter cameras have 
One frame of a ser ies  of photographs made with a framing camera 
is  shown i n  Figure 1 .  As the sheet of birefringent material was i n  a 
l ight-f ie ld  polariscope, the half-order fringes are shown. From such 
photographs, the fringe order can be plotted as a function of position 
and the wave character is t ics  can be determined. 
If  a narrow beam of monochromatic l i gh t  passing through a point 
of such a model i s  monitored by a f a s t  responding l igh t  sensorg an 
oscilloscope record of the time-dependent fringes can be obtained. 
Clark ( 1 )  was apparently the f i r s t  t o  report the recording of propa- 
g a t i n g  s t r e s s  fringes by this method. 
using this method of studying s t r e s s  waves a re  given i n  references 
( 2 )  through ( 7 ) .  
The work of other investigators 
A low-power Helium-Neon gas laser  i s  an ideal l i gh t  source as i t  
provides a very narrow beam of monochromatic (6328 A )  l igh t .  The l i gh t  
sensor usually employed i s  a photomultiplier tube which, when connected 
t o  a high-frequency oscilloscope makes an excellent fringe counting 
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system. 
high-speed camera and intense l i gh t  source. 
The cost  of such a system i s  much less  than  the cost  of a 
There i s ,  however, one great disadvantage t o  such a system. 
The optical o u t p u t  i s  nondiscriminating. Not only are the fringe 
values absolute, detecting no changes i n  the s i g n  of the s t r e s s ,  b u t  one 
cannot be certain of the fringe order by simply counting the peaks on 
the oscillogram as there is  no d i rec t  way of determining whether the 
fringe order i s  increasing, decreasing, or remaining constant. T h i s  
limitation i s  i l lus t ra ted  in Figure 2.  A photomultiplier response 
i s  shown a t  the t o p  of the figure. 
the f i r s t  half-order fringe ( N  = 0.5); and as t h i s  i s  a pressure wave, 
i t  i s  known to represent compression. 
peak represents a f r inge order of three-halves ( N  = 1.5),  b u t  there 
i s  a possibli ty that  i t  may have a value of one-half also. As we 
progress across the record, i t  i s  seen that  there are  more than a 
thousand possible curves (1024 t o  be exact),only one of which repre- 
sents the correct fringe order a s  a function of time. 
poss ib i l i t i es  may be eliminated by simply saying t h a t  they do n o t  look 
l ike  s t r e s s  waves. 
peaks representing the maximum fringe order t o  be spaced e i ther  closer 
together or fa r ther  apart  t h a n  the adjacent ones. 
i s  believed tha t  the f i f t h  and s ixth peaks on the oscillogram indicate 
the times of the maximum fringe order of nine halves ( N  = 4.5), and 
the curve drawn w i t h  the heavier l i ne  i s  the correct one. T h i s  clue, 
howeverg may n o t  always be present. 
The f i r s t  peak gives the time o f  
I t  i s  assumed t h a t  the next 
Many of the 
B u t  are we ever sure? One would expect the two 
On t h i s  basis, i t  
Investigators using the laser-photomultiplier system generally 
employ some other means t o  verify and supplement the data. 
Cunningham, and Goldsmith ( 4 )  d i d  t h i s  by t a k i n g  fringe photographs. 
Okada, 
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They also fastened s t ra in  gages to  the surface of the model near the 
point being monitored and recorded the s t ra in  gage data simul taneously 
w i t h  the photomultiplier o u t p u t .  
and Bradley and Kobayashi ( 7 )  also used strain gages to  supplement 
the i r  data. The 
strain gage response shows the approximate location of the maximum 
s t r e s s  so tha t  an accurate fringe order curve can be drawn by simply 
projecting from the oscillograph, 
oblique incidence method to separate the principal stresses.  
Cunningham, Browns and Griffin ( 6 ) 9  
Such a simultaneous record is shown in Figure 3 .  
Bohler and Shumann (8) used the 
Experimental Methods and Apparatus. 
of 0.25 inch Hysol 4485, was placed between two sheets of c i rcular ly  
polarizing f i l t e r s  as shown i n  Figure 4. A 4-milliwatt Helium-Neon 
continuous gas laser  served as the monochromatic l igh t  source. The 
l i gh t  was directed to  four p o i n t s  on the target  located one inch apart  
by means of three bifurcated f ibe r  l i g h t  guides as shown. 
was collimated into beams 0.070 inch i n  diameter. 
were i n  a l ine  perpendicular t o  the target  edge and i n  l ine  w i t h  the 
project i le  p a t h .  After pass ing  through the target ,  the l i g h t  was dir- 
ected by f ibe r  l i g h t  guides to  four photomultiplier tubes (RCA 931A), 
the o u t p u t s  of which were connected t o  a Tektronix Type 3A74 four-trace 
amplifier plug-in Type 564 storage oscilloscope. 
the target  and to  reduce the contact time of the project i le ,  a metallic 
protector was attached t o  the target  w i t h  a t h i n  film of wax. A minia- 
The target ,  a 1 2  x 1 2  inch sheet 
The l i g h t  
The four p o i n t s  
To avoid damage t o  
ture accelerometer of the piezoelectric compression type was attached 
t o  the protector to  serve as the oscilloscope sweep t r igger ,  
waves were generated by impacting the metal protector w i t h  0.22 caliber 
lead pe l le t s  f i red  from a compressed a i r  g u n .  
Stress 
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Records of the l i g h t  retardations caused by the photoelastic 
s t ress  fringes as  detected by the photomultiplier tubes are shown i n  
Figure 5. Those four p o i n t s  located a t  distances o f  3 ,  4 ,  5 ,  and 6 
inches from the p o i n t  of impact were recorded by the four-trace ampli-  
f i e r .  
two other positions and repeating the shots. Excellent records could 
be obtained by monitor ing the s t ress  wave a t  eight po in t s  and record- 
i n g  the response o f  eight photomultiplier tubes on two four-channel 
oscilloscopes. 
slower sweep for the more d is tan t  points and a f a s t e r  sweep fo r  the 
points near the impact i n  order to  more accurately count and locate 
the various fringes.  For exampleg i f  a p o i n t  was located closer t h a n  
two inches t o  the impact, a f a s t e r  sweep would be necessary t o  dis-  
tinguish the f i r s t  fringes and t o  determine the i r  times accurately. 
Likewise, if  p o i n t s  were located far ther  than  seven inches, i t  would 
be necessary t o  use a slower sweep i n  order t o  o b t a i n  information on 
more t h a n  one or two fringes.  
The ones a t  2 and 7 inches were made by s h i f t i n g  the model t o  
If t h i s  were done, i t  would be possible t o  use a 
Analysis of Data. I t  has been pointed o u t  t h a t  one would expect the 
two peaks o f  the oscillogram t h a t  represent the maximum (or m i n i m u m )  
fr inge order t o  be spaced e i ther  closer together or fa r ther  a p a r t  
t han  the adjacent ones. In Figure 5 i t  i s  obvious that  the maximum 
fringe order i s  4.5 a t  a distance of three inches from the point of 
impact, and a t  a distance of s ix  inches ths maximum fringe order i s  
1.5. 
of two inches and 2 .5  a t  f ive  inches. 
there will  probably be a t  l ea s t  two or three that  give th i s  information.  
This can be confirmed by realizing t h a t  the peak of the s t r e s s  wave moves 
One would strongly suspect the maximum t o  be 5.5 a t  a distance 
I n  a group of four oscillograms 
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a t  a velocity approximately equal t o  that  of  the fringes. By employ- 
i n g  this fringe counting technique, a d d i t i o n a l  compensating schemes 
are  unnecessary. 
By carefully determining the time of each fringe from the oscil lo- 
grams of Figure 5, the distance-time curve for each fringe can be plotted 
as shown i n  Figure 6. If  any errors were made in the fringe number, they 
will be detected when these curves are drawn. 
As the sheet of Hysol used for  the target  was twelve inches deep, 
the wave was reflected from the rear surface as shown. No points were 
plotted i n  the region of interaction of the reflected tens i le  wave w i t h  
the pressure wave. 
An analysis of the s t ress  wave will be made for the time of two 
milliseconds. The intercepts of the several curves w i t h  the two mil l i -  
second l ine  are  carefully measured or projected as shown i n  Figure 7 
t o  give the fringe order ( N )  as a function of position. 
also represents the shear s t r e s s  (T) as  the stress-optic relation is: 
T h i s  curve 
- Nf 
2 h  
T - -  
where f i s  the material s t r e s s  fringe value and h i s  the plate  thickness, 
which i n  this case i s  0.25 inches. 
s ib le  since the waves i n  this case propagate w i t h o u t  rotation. Stresses 
Separation of the s t resses  i s  pos- 
are developed i n  both the direction o f ,  and perpendicular t o ,  the direc- 
tion of wave propagation. 
direction of wave motion. 
Displacement occurs, however, only i n  the 
The displacements are  specified by: 
and  the s trai n-di splacement relations by 
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The s t ress -s t ra in  equations are 
and the shear s t r e s s  has the va lw  
where E i s  Young’s modulus and v is Poisson’s ra t io .  
From these re1 a t i o n s  
b u t  
so 
The radi a1 and tangenti a1 s t resses  a re ,  therefore 
T h i s  derivation i s  essent ia l ly  the same as  described in Reference 9 .  
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These relations may be stated i n  terms of the model material 
properties and the fringe order. 
Values of displacement, s t r a in ,  and s t r e s s  may now be determined 
by numerical integration. 
As the purpose of this paper i s  t o  i l l u s t r a t e  a method of s t r e s s  
wave analysis,  the values will be computed i n  terms of E and f .  
r a t i o  i s  assumed t o  have a value of 0.38. The resul ts  are  shown i n  Figures 
8, 9 ,  and 10. 
Poisson's 
Concl usion.  
l en t  low-cost method for  the analysis of s t r e s s  waves i n  birefringent 
materials. As this system detects the changes i n  l i g h t  retardation, 
i t  i s  not affected by residual s t r e s s  and time edge effects  t h a t  may 
be present i n  the model. 
p o i n t s  of waves that  are propagating w i t h o u t  rotat ion,  i t  i s  possible 
t o  separate the principal s t resses  and t o  determine the i r  i n d i v i d u a l  
values w i t h o u t  introducing additional experimental data. By using 
po la ro ids  imbedded i n  the model t h i s  method may be expanded t o  the 
study of spherical s t r e s s  waves resulting from high velocity impact. 
The polariscope described i n th i s  paper provides an excel - 
By the simul tanebus monitoring of  several 
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